INTRODUCTION
Marine fish characteristically contain high amounts of n-3 highly unsaturated fatty acids n-3HUFAs such as eicosapentaenoic acid EPA; 20:5n-3 and docosahexaenoic acid DHA; 22:6n-3 . These fatty acids have been found to improve lipid metabolism and reduce lipid profiles in the blood and liver 1 3 . Changes in these lipid profiles are related to the development of metabolic syndromes such as diabetes and atherosclerosis 4 6 . n-3HUFA intake also has a significant effect on inflammation 7 . As a result, fish gather significant attention as healthy food; many kinds of foods and a medicine containing n-3HUFAs are available on the market and are applied practically. For example, it is well known that EPA decreases plasma triacylglycerol TAG levels; therefore, EPA ethyl ester is used in treating hyperlipidemia 8 . DHA improves lipid metabolism and the Ministry of Health, Labor, and Welfare in Japan has approved some DHA-enriched foods as a Food for Specified of double bonds as EPA and the same number of carbon atoms as DHA. Consequently, the structure is thought to be an intermediate in the synthesis of DHA from EPA. A previous study has compared functions related to lipid metabolism including lipid profiles in the blood and liver, enzyme activities and mRNA levels relating to lipid metabolism, and blood adiponectin levels, amongst others, between these three n-3HUFAs in a db/db mouse model 12 .
Interestingly, the values for all the observed factors using DPA were found to lie between EPA and DHA. These results suggest that the functions involved in lipid metabolism are affected by both the number of double bonds and carbon atoms of n-3HUFAs. In particular, the increase in blood adiponectin levels was the lowest in the EPA treatment group and the highest in the DHA treatment group; therefore, DHA is thought to be the most effective n-3HUFA for the suppression of metabolic syndrome, diabetes, and atherosclerotic progression. Tetracosapentaenoic acid THA, 24:6n-3 is an n-3HUFA that is also found in fishes, including the Baltic herring Clupea harengus 13 , and flathead flounder Hippoglossoides dubius 14 . THA is also found in the brittle star Amphiura elandiformis 15 and in jellyfish Aurelaia sp. 16 . Additionally, THA is known as Nisinic acid, which means fatty acid in herring in Japanese, mainly because herring characteristically contain THA. Therefore, THA is also one of n-3HUFAs that has been taken by humans for a long period. THA consists of 24 carbon atoms and it has six double bonds. THA has two more carbon atoms in comparison with DHA. As discussed above, the effects of HUFAs on lipid metabolism are thought to be related to the number of double bonds and carbon atoms in an n-3HUFA. In accordance to this rule, it is possible that THA improves lipid metabolism the greatest amongst the n-3HUFAs. In this study, we compared the effects on lipid metabolism among EPA, DPA, DHA, and THA, using HepG2 cells to confirm the rule, Both the number of carbon atoms and double bonds in an n-3HUFA structure affect lipid metabolism.
EXPERIMENTAL

Materials
Oleic acid OA and linoleic acid LA were obtained from Funakoshi Co., Ltd Tokyo, Japan ; the purity of the fatty acids was greater than 98 . EPA, DPA, DHA, and THA were obtained from Tsukishima Foods Industry Co., Ltd Tokyo, Japan , and their purity was also greater than 98 . Human hepatoma HepG2 cells and fetal bovine serum FBS were obtained from Dainippon Pharmaceutical Co. Ltd. Osaka, Japan . Penicillin-streptomycin was purchased from ICN Biomedicals, Inc. Aurora, OH, USA . Dulbecco s modified Eagle s medium DMEM and fatty acidfree bovine serum albumin BSA were purchased from Sigma Chemical St. Louis, MO, USA .
The structures of LA, EPA, DPA, DHA, and THA are illustrated in Fig. 1 .
Cell culture
HepG2 cells were maintained in DMEM containing 100 units/mL penicillin and 100 μg/mL streptomycin; the cells were supplemented with 10 FBS at 37 in a humidified atmosphere of 5 CO 2 . Once the cell growth had reached approximately 70-80 confluence, the medium was preincubated with 1 BSA-DMEM with 0.5 mM OA for 24 h. The fatty acid-BSA complex was prepared as described by Van Harken et al. 17 . The cellular-protein concentration was determined using the bicinchoninic acid method 18 . To measure cytotoxicity, water-soluble disulfonated tetrazolium salt synthetic activity 19 was determined using a Cell
Counting Kit-8 Dojindo Laboratories, Kumamoto, Japan .
Measurement of cellular lipid synthesis
For evaluating the effect of n-3HUFAs on cellular lipid synthesis, HepG2 cells were incubated with experimental media 1 BSA-DMEM with LA 50 μM , EPA 50 μM , DPA 50 μM , DHA 50 μM , or THA 50 μM , n 3 containing 18.5 KBq 1- 14 C acetic acid sodium salt 1-14 C acetate American Radiolabeled Chemicals, St. Louis, MO, USA for 24 h. After incubation, cells were washed once with 1 mL phosphate buffered saline PBS and collected in Fig. 1 Comparison of EPA, DPA, DHA, and THA structures.
Comparison of lipid-lowering effect among n-3HUFAs
0.5 mL 0.1 triton 1 mL PBS. Total lipid extraction and purification from the cells was performed by the method described by Bligh and Dyer 20 ; the lipids were then measured using a liquid scintillation counter Wallic System 1410, Pharmacia, Uppsala, Sweden . The lipids were fractionated using thin-layer chromatography TLC in a solvent mixture of petroleum ether:diethyl ether:acetate 82:18:1, v/v/v . After separation with TLC, the radioactivity of each of the lipid fractions was measured using a bio-imaging analyzer BAS1000, Fuji Photo Film, Kanagawa, Japan .
Analysis of mRNA expression
To evaluate the effect of n-3HUFAs on mRNA expression, HepG2 cells were incubated with experimental media 1 BSA-DMEM with LA 50 μM , EPA 50 μM , DPA 50 μM , DHA 50 μM , or THA 50 μM , n 3 for 24 h. At the end of experiment, the cells were washed once with 1 mL PBS, and total RNA extraction from the cells was performed using an RNeasy Micro Kit Qiagen, Tokyo, Japan . A TaqMan Universal PCR Master Mix Applied Biosystems, Tokyo, Japan , and Assay-on-Demand, Gene Expression Products Hs00231674_m1 for sterol regulatory element binding protein 1 SREBP1 , Hs00188012_m1 for fatty acid synthase FAS , Hs00748952_m1 stearoyl CoA desaturase 1 SCD1 , Hs00162077_m1 for acyl coenzyme A: cholesterol acyltransferase 1 ACAT1 , Hs99999905_s1 for glyceraldehyde-3-phosphate dehydrogenase GAPDH , Applied Biosystems were used for quantitative real-time reverse transcription polymerase chain reaction RT-PCR analysis of SREBP1, FAS, SCD1, ACAT1, and GAPDH expression in the HepG2 cells. RNA amplification was performed using a real-time PCR system ABI Prism 7000 Sequence Detection System; Applied Biosystems . The results were quantified using a comparative method and were expressed as a relative value after normalization to the GAPDH expression.
Statistical analysis
All values are expressed as means SE. The data were analyzed using a one-way ANOVA test, and all differences were evaluated using the Tukey-Kramer post-hoc test Kaleida Graph, Synergy Software, Reading, PA . Differences were considered statistically significant at p 0.05.
RESULTS
Viability of HepG2 cell
The effects of n-3HUFAs on cell viability in HepG2 cells were investigated and the results are shown in Table 1 . LA was employed as a control and no significant difference was detected among the five kinds of fatty acids.
Effect of n-3HUFAs on lipid synthesis in HepG2 cells
The effect of n-3HUFAs on lipid synthesis in HepG2 cells was measured by observing that amount of 14 C incorporated into formed lipids and the results are summarized in Table 2 . No significant differences were detected in phospholipid, diacylglycerol, and free cholesterol synthesis. A reduction in the synthesis of free fatty acids was observed; the level of synthesis reduction by the n-3HUFAs was, in order of strength, THA DHA DPA EPA. The synthesis of TAG and cholesteryl ester ChE was also suppressed significantly by the addition of n-3HUFAs. THA exerted the greatest effect on the synthesis of both the lipids among n3HUFAs and a significant difference was detected in the control LA group in comparison with the THA group. The order of n-3HUFAs, in terms of their level of reduction in TAG and ChE synthesis, was THA DHA DPA EPA.
Effect of n-3PUFAs on mRNA levels in HepG2 cells
The effect of n-3HUFAs on mRNA levels in HepG2 cells are summarized in Table 3 . The levels of SREBP1 and ACAT1 mRNA were not affected by the addition of n-3HU-FAs. By contrast, FAS and SCD1 mRNA levels were suppressed by n-3HUFAs. A significant difference was detected between the control LA and THA groups in FAS. A significant difference was also detected between the control LA and DPA groups, and between the control LA and DHA groups, in SCD1. The extent of FAS mRNA reduction in the n-3HUFAs showed the same tendency, THA DHA DPA EPA, as that described in Table 2 .
DISCUSSION
THA is one of n-3HUFAs found in fishes and taken by human for a long period. Health function of THA has been investigated by a few researchers so far. For example, Ishihara et al. added THA to MC/9 mouse mast cells and found that THA has the ability to reduce the synthesis of histamine-and leukotriene-related compounds 21 . In fact, THA is a precursor in the DHA biosynthetic pathway in humans. DHA is an n-3HUFA synthesized from EPA by elongation and desaturation reactions. EPA is elongated to form DPA; however, humans lack the Δ4 desaturase enzyme, which is capable of producing DHA directly from DPA 22 . Therefore, in humans, DPA is elongated again to form tetracosapentaenoic acid 24:5n-3 and desaturated by Δ6 desaturase. As the result, THA 24:6n-3 forms. THA is then β-oxidized to form DHA 23 . Consequently, THA is an n-3HUFA that can be synthesized in humans from EPA. With this knowledge, the results of the n-3HUFA-HepG2 cell viability assays are to be expected because EPA, DPA, DHA, and THA are normally present within the human body. Previously, we suggested the rule, Both the number of carbon atoms and double bonds in an n-3HUFA structure affect lipid metabolism, following animal testing with EPA, DPA, and DHA 12 .
In that experiment, lipid accumulation in the db/db mouse liver was strongly suppressed by n-3HUFAs. The order of n-3HUFAs, in terms of the level of suppression, was found to be DHA DPA EPA. In addition, enzyme activities relating to fatty acid synthesis such as FAS and malic enzyme ME in the liver were affected by n-3HUFAs; the level of enzymatic suppression in the n-3HUFAs was, from greatest to weakest, DHA DPA EPA. By contrast, enzyme activities relating to β-oxidation of fatty acid such as carnitine palmitoyl transferase CPT and peroxisomal β-oxidation enzyme in the liver were not affected by the addition of n3HUFAs. The levels of mRNA expression for FAS and SREBP in the liver were also suppressed by n-3HUFAs; the order of the n-3HUFAs, in terms of their level of suppression of mRNA expression, was found to be DHA DPA EPA. Therefore, the reduction of lipid accumulation in the liver was attributed to suppression of fatty acid synthesis by n-3HUFAs and that the structure of the n-3HUFA affected its ability to reduce fatty acid synthesis. In this experiment, THA was also included in the n-3HUFAs tested and the effects on lipid metabolism in HepG2 cells of four kinds of n-3HUFAs were compared. Similar studies, using Different superscript letters show significant difference at p < 0.05.
Comparison of lipid-lowering effect among n-3HUFAs
HepG2 cells to evaluate lipid metabolism in the liver, have been performed previously 24, 25 ; therefore, the results obtained in the present study can be compared directly with those in our previous study using db/db mice. As shown in Table 2 , lipid synthesis in HepG2 cells was affected by the addition of n-3HUFAs. TAG synthesis was also suppressed by the addition of n-3HUFAs. The order of the n-3HUFAs, in terms of their level of suppression, was THA DHA DPA EPA. The results obtained in this study are in agreement with the results of the animal test conducted previously. The results of the experiment evaluating the expression of mRNA levels related to lipid synthesis can explain these results Table 3 . The level of FAS mRNA was reduced by n-3HUFAs and the order of the n-3HUFAs, in terms of their level of FAS mRNA reduction, was THA DHA DPA EPA, and a significant deference was detected between the control LA group and THA group. This result is also consistent with our previous results using the db/db mouse. The main role of SREBP1 is in the control of fatty acid metabolism; however, the level of SREBP1 mRNA was not suppressed significantly by n-3HUFAs, unlike FAS Table 2 . The suppression tendency of both FAS and SREBP1 was observed in our previous animal test. SREBPs are known as transcription factors in the regulation of gene expression of several enzymes implicated in cholesterol, lipid, and glucose metabolism 26 . As a result of its involvement in these pathways, SREBP1 mRNA levels should have been reduced by n-3HUFAs, with the order of the n-3HU-FAs, in terms of their level of SREBP1 reduction, expected to be THA DHA DPA EPA. However, there is a report that fish oil inhibits the maturation of SREBP1 in vivo and reduces the transcription of genes coding for FAS, SCD1, and others 27 . The reason for this difference is unclear.
There is a tendency for fatty acids to accumulate in the form of monounsaturated fatty acid such as OA in a fatty liver 28 . SCD1 transcription is also controlled by SREBP1, and can desaturate stearic acid and palmic acid to form OA and palmitoleic acid, respectively 26 . Therefore, the level of expression of SCD1 is also related to the accumulation of lipids in the liver. SCD1 expression is also suppressed by n3HUFAs; therefore, the ability of n-3HUFAs to reduce TAG synthesis would be also ascribed to the level of SCD1.Synthesis of ChE was significantly suppressed by n-3HUFAs and the order of the n-3HUFAs, in terms of their strength of the reduction, was THA DHA DPA EPA Table 2 . In contrast, the synthesis of cholesterol was not significantly suppressed by the addition of n-3HUFAs. This difference may be a result of a step in the ChE synthesis pathway; however, ACAT1 was not affected by the addition of n-3HUFAs. ACAT1 is an enzyme that binds acyl CoA and cholesterol to form ChE 29 . No significant difference was detected in free fatty acid synthesis, as illustrated in in Table 2 ; however, a non-significant difference in free fatty acid synthesis was actually observed, with the order of the n-3HUFAs, in terms of their level of reduction of free fatty acid synthesis, being THA DHA DPA EPA. The reduction of cholesterol synthesis may be affected by the free fatty acid content because free fatty acids are a substrate of ChE synthesis. It seems likely that the reduction in both TAG and ChE synthesis were affected by the FAS level.
CONCLUSION
In this study, the order of the n-3HUFAs, in terms of their effects on lipid metabolism, is thought to be THA DHA DPA EPA. This order is in agreement with the rule that, Both the number of carbon atoms and double bonds in an n-3HUFA structure affect lipid metabolism. However, the present study was performed using HepG2 cells only. Therefore, further studies using animal models are needed to confirm that THA has the strongest effects on lipid metabolism among n-3HUFAs. 
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